Abstract We show that considerable structural transformations occur at a Ni alloy surface during the transient stages of high-temperature oxidation. This was demonstrated by exposing the alloy to high-temperature CO 2 for short times at both atmospheric and supercritical pressures. A protective Cr-rich oxide layer formed after only 5 min at 700°C and persisted for longer exposures up to 500 h. Voids formed and grew over time by the condensation of metal vacancies generated during oxidation, while the alloy surface recrystallized after sufficient oxidation had occurred. The oxygen potential established at the oxide/alloy interface led to oxidation along the newly formed grain boundaries as well as adjacent to and inside of the voids. Al, the most stable oxide-former and present at low concentration in the alloy, was preferentially oxidized in these regions. The results provide an improved understanding of the internal oxidation of Al and its role in enhancing scale adhesion for this class of Ni alloys.
Introduction
Alloy 617 (UNS N06617) represents a class of solution strengthened Ni superalloys with excellent strength and oxidation resistance at high temperature [1] . As such, this and similar alloys have been used in numerous applications including many components of turbines in aircraft and power generation, where they are exposed to high-temperature ([ 500°C) oxidizing environments. The oxidation resistance is achieved in large part due to the high Cr content of the alloy ([ 20 wt%) combined with a small quantity of Al (0.8-1.5 wt%). Under many conditions of interest, this leads to the formation of an external oxide layer of Cr 2 O 3 and internal oxides of Al 2 O 3 . Although the resulting oxide structure leads to protective behavior (i.e., low oxidation rates) in many high-temperature environments, the fundamental processes driving this behavior are not fully understood.
Their success in the above areas has led to the identification of Ni alloys as promising candidates for emerging applications. For example, Alloy 617 has been proposed as a leading candidate for the intermediate heat exchanger in generation IV nuclear reactors [2] . During operation, the alloy would be exposed to hightemperature He containing small quantities of CO 2 and CO among other impurities, and thus the oxidation behavior of Alloy 617 in these environments has been the subject of many investigations [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . Furthermore, several Ni alloys are being considered for multiple components in next generation supercritical CO 2 (sCO 2 ) power cycles, where they would be exposed to high-temperature CO 2 -rich fluids [20] [21] [22] . For these and other applications, the oxidation behavior of Alloy 617 in CO 2 at high temperature and a wide range of pressures is of significant interest.
Many oxidation studies of Alloy 617 and similar Ni alloys have focused on relatively long-term exposures (C 500 h) where the oxidation kinetics have reached an approximately steady-state. Less attention has been given to understanding the early to intermediate (transient) stages of oxidation. These processes likely play an important role in the long-term oxidation pathway, and an improved understanding of this behavior may enable the design of alloys with enhanced long-term oxidation resistance. In this study, we present results on the transient-stage oxidation of Alloy 617 in high-temperature CO 2 . By evaluating the evolution of the oxidized surface in detail, we illuminate the pathway leading to the protective behavior commonly observed in this class of materials.
Experimental Procedures Alloy Preparation

Inconel
Ò alloy 617 (UNS N06617) was manufactured by Special Metals Corporation. The alloy was hot-rolled into a 12.7 mm thick plate, annealed for 30 min at 1177°C, and water-quenched to obtain the solid solution strengthened state. The ASTM average grain size number was reported as 4 (approximate diameter of 90 lm). The alloy composition provided by the manufacturer is shown in Table 1 .
Exposure coupons were cut from the alloy plate into two different geometries. For tube furnace and autoclave exposures, 19 9 13 9 2 mm coupons were used. A 5-mm hole was machined near the top middle of the coupon for hanging the sample during exposure. For confocal microscope exposures, disks 6 mm in diameter and 2 mm in thickness were used. In all cases, the coupons were surface finished as follows: grinding with 600 grit (CAMI Grit Designation) followed by 1200 grit SiC paper, polished sequentially from 9 to 1 lm diamond slurry, then polished on a vibratory table using colloidal silica and a pad. Prior to exposure, the coupons were ultrasonicated in acetone followed by ethanol. The coupons were weighed before and after exposure using a microbalance with a resolution of 10 lg.
Exposure Conditions
The detailed procedure for the confocal microscope exposure was reported previously [20] . In short, the sample chamber was alternatively purged with Ar and evacuated two times before introducing high-purity (99.999%) CO 2 gas, heated to 700°C at a rate of 5°C/s, held for 5 min, then quenched using He gas.
The atmospheric pressure exposures were done using a Thermcraft tube furnace with an alumina reaction tube. High-purity (99.999%) CO 2 was flowed at a rate of 269 sccm (linear velocity of 25 cm/min) for the duration of the experiment. Before heating, the tube furnace was purged with CO 2 for a minimum of 12 h. An oxygen sensor (MTI Corporation W1000-LD) was used to monitor the exiting gas, and \ 20 ppm O 2 was measured throughout the duration of the exposure. After the 12-h purge, the furnace was heated at a rate of 100°C/h to 350°C and held for 4.5 h to allow for desorption of surface oxygen. The furnace was then heated to 700°C at a rate of 200°C/h, held at 700°C for a time of 0, 10, 100, or 500 h, then cooled at a rate of approximately 200°C/h under continued flow of CO 2 . For the 0-h exposure, heating was turned off immediately upon reaching 700°C. However, due to the relatively slow heating/cooling process, the sample was exposed to [ 680°C for approximately 30 min and is henceforth referred to as a 30-min exposure.
The high-pressure exposure was done in a flowing sCO 2 autoclave. The autoclave is ASME stamped to 4000 psig (27.7 MPa) at 800°C and is constructed of Alloy 230 (UNS N06230). Prior to testing, the autoclave was purged ten times by alternatively pressurizing to 0.7 MPa with high-purity Ar, then allowing depressurizing to less than 0.2 MPa. The autoclave was heated at 200°C/h to 600°C, then 100°C/h to 700°C. After reaching temperature, high-purity (99.999%) liquid CO 2 was fed through a high-pressure pump (SCFT model into the autoclave at 6 mL/min. After the target pressure was reached (20.0 MPa), the feed rate was reduced to 2 mL/min and the pressure was maintained using a back-pressure 
Characterization
Scanning electron microscopy (SEM) surface imaging was performed using an FEI Inspect SEM operating at 20 kV. Samples were prepared for TEM analysis via the focused ion beam (FIB) lift out method using an FEI Helios NanoLab SEM. Polishing was done sequentially at 5, 2, and 1 kV accelerating voltages to minimize sample damage from the Ga ion beam. Transmission electron microscopy (TEM) and associated energy-dispersive X-ray spectroscopy (EDS) analysis were performed using an FEI Titan 80-200 TEM operating at 200 kV and equipped with a chemiSTEM EDS detection system. All imaging was done in scanning transmission electron microscopy (STEM) mode using a high-angle annular dark-field (HAADF) detector. All EDS mapping shows unfiltered raw counts (i.e., non-quantitative analysis).
Results and Discussion
Mass Change
The specific mass change for Alloy 617 samples exposed to CO 2 at 700°C for times ranging from 5 min to 500 h is shown in Fig. 1 . The absolute mass change in the sample exposed for 5 min was beyond the resolution of the microbalance and is listed as zero in Fig. 1 . The mass changes are plotted versus the square root of exposure time, and thus a linear relationship would be expected for diffusion controlled (steady-state) oxide growth. The small mass gains and the nonlinear trend exhibited for the five samples exposed at 0.1 MPa confirms that oxide growth is in the pre-parabolic (transient) growth regime, as expected for these short-term oxidation experiments. Overall, the alloy exhibited small mass gain up to 500 h (\ 0.10 mg/cm 2 in all cases), with a notably higher mass gain for the 500-h exposure done at 20 MPa relative to 0.1 MPa. Included in Fig. 1 are labels for the samples selected for detailed cross-sectional TEM analyses, which are presented below.
SEM Surface Imaging
SEM backscatter electron (BSE) images showing the evolution of the sample surface as a function of exposure time are presented in Fig. 2 . Figure 2a shows an unexposed sample, where the surface appears uniform and the primary sources of contrast are Cr-rich carbides located along the grain boundaries. Close inspection of the sample after the 5-min exposure (Fig. 2b ) reveals the presence of dark contrast spots distributed across the sample surface. The spots are seen to increase in size as exposure time increases at 0.1 MPa (Fig. 2c-f ). In addition, evidence of orientationpreferred oxidation is observed for exposure times of 100 and 500 h at 0.1 MPa (Fig. 2e, f) as illustrated by the darker contrast of certain grains.
Cross-Sectional TEM Analysis: 5-min Exposure
Cross-sectional TEM analysis of the sample exposed for 5 min is shown in Fig. 3 . Figure 3a shows a low-magnification STEM image of the sample surface, while Fig. 3b -e shows high-magnification STEM images and associated EDS line scans at two regions across the sample surface. From bottom to top these images show the alloy substrate, the thin oxide layer formed during exposure, and protective Pt layers deposited on the sample surface to prevent ion beam damage during preparation of the TEM specimen. The oxide layer is 10-20 nm thick, and thus the sample We showed previously [20] that these regions correspond to voids and other lowdensity areas which formed during oxidation. These are responsible for the dark contrast spots observed in the SEM surface images (Fig. 2) . The EDS line scans show that for regions both with and without an interfacial void, the oxide is Cr-rich and contains small amounts of Al and Si. No Ni-oxides are observed despite the thermodynamic stability of NiO [23] at oxygen partial pressures well below the ppm levels present in the CO 2 gas. Thus, the alloy was selectively oxidized during the initial stages of exposure to form a Cr-rich oxide layer [20] . Because Cr-oxides are considerably more protective than Ni-oxides, the establishment of a Cr 2 O 3 -type surface at such an early stage points to the good oxidation resistance of the alloy in high-temperature CO 2 .
Void formation during high-temperature oxidation has been observed in many alloy systems, and several mechanisms have been proposed to explain this phenomenon [24] . We have shown [20] that the most likely source of the voids observed here is by the condensation of metal vacancies formed as Cr atoms are ionized and enter the growing oxide layer, in a process known as vacancy injection [25] . That is, the early stages of oxidation are characterized by growth of a Cr-rich oxide layer formed by outward diffusion of Cr ions, and the metal vacancies left in the alloy condense to form nm-sized voids at the oxide/alloy interface.
Cross-Sectional TEM Analysis: 100-h Exposure
Cross-sectional TEM analysis of the sample exposed for 100 h is shown in Fig. 4 . Figure 4a shows a low-magnification STEM image of the sample surface. The voids located at the oxide/alloy interface appear to have grown significantly after 100 h. This is consistent with observations made by SEM surface imaging (Fig. 2) , where the dark contrast spots grow over time. This is also consistent with the proposed void formation mechanism-an increase in oxide thickness is accompanied by an increased injection of metal vacancies into the alloy, leading to further void precipitation and growth. The TEM specimen shown in Fig. 4 was prepared such that the middle of the cross section contained a grain boundary. As seen in Fig. 4a , dark contrast regions are observed along this boundary. EDS mapping (not shown) suggested that these were also voids (which had been partially oxidized, as discussed further below). Thus, voids were observed at grain boundaries near the sample surface in addition to the oxide/alloy interface.
It should be noted that while void formation and growth has almost certainly occurred by the condensation of injected metal vacancies as described above, additional vacancies generated by the Kirkendall effect [26] may also contribute to this effect. As Cr metal diffuses toward the surface during oxidation, Ni (and other elements not participating in oxidation) becomes enriched at the surface, leading to Ni diffusion into the bulk of the alloy. Because Cr diffuses faster than Ni in Ni-Cr alloys [27] , a net flux of metal vacancies is established which is directed downward into the alloy and the condensation of these vacancies may contribute to further void formation and/or growth. This mechanism becomes increasingly likely as the exposure time (and thus the extent of Cr and Ni diffusion in the alloy) is increased.
A higher-magnification STEM image and associated EDS maps of the region indicated in Fig. 4a are shown in Fig. 4b -j. As with the 5-min exposure, the composition of the oxide layer remains Cr-rich and contains no Ni. A large interfacial void is located near the center of the image. In addition, a thin and nearly continuous layer of voids is observed at the bottom of the oxide layer. This suggests that the entire oxide/alloy interface acts as a suitable sink for condensation of the metal vacancies generated during oxidation. Furthermore, significant oxidation is observed adjacent to these voids. For example, Cr-oxide is observed beneath the large void in the center of the image. Thus, the oxygen potential established in the voids is sufficient to oxidize the adjacent Cr. Significant quantities of Al-oxide are also observed and are highly correlated with the observed voids. Al-oxide is seen immediately below the voids across the entire oxide/alloy interface and extends vertically into the substrate beneath the large void. These Al-oxide ''pegs'' are commonly observed below the external oxide layer during the high-temperature oxidation of Alloy 617 [16] and other Ni-Cr-Al alloys [28] . Here we show that the pegs may originate at voids which have formed at the oxide/alloy interface. The other highly stable oxide-formers present in the alloy at low concentration (i.e., Si and Ti) have also participated in the oxidation process. Small quantities of Ti-oxide are observed adjacent to the voids and in segregated regions within the oxide layer (as seen near the right side of Fig. 4f) , while a layer of Si-oxide is observed at the bottom of the oxide layer.
Cross-Sectional TEM Analysis: 500-h Exposure
Cross-sectional TEM analysis of the sample exposed for 500 h at 0.1 MPa is shown in Fig. 5 . Figure 5a -i shows a low-magnification STEM image of the sample surface and the associated EDS maps. The surface oxide remains Cr-rich, and interfacial voids have continued to grow relative to the shorter exposures shown in Figs. 3 and 4. As with the 100-h exposure (Fig. 4) , a small amount of Si-oxide and Ti-oxide are also observed, as a layer at the bottom of the oxide and in segregated regions throughout the oxide, respectively.
A higher-magnification STEM image and associated EDS maps of the region containing a large interfacial void are shown in Fig. 5j -n. As seen in Fig. 5m , Aloxide is clearly present not only along the entire void/alloy interface, but also inside of the void. In fact, we observed similar behavior for interfacial voids present after only 5-min exposure time. In this separate study (not yet published), we propose that Al oxidation occurs at the free surfaces created by void formation beginning at the nm-scale, and the newly formed oxides in turn serve as nucleation sites for continued vacancy condensation and void formation. As a result, Al-oxide (and to some extent, Cr-oxide) fills much of the space created by the condensation of metal vacancies. Here we show that the same mechanism persists for much longer exposure times, leading to large regions of porous Al-oxide present intermittently along the oxide/alloy interface. The small chemical potential of oxygen established inside/adjacent to the voids favors the oxidation of the most stable oxide-former (i.e., Al), despite its low concentration in the alloy. This result points to the importance of low concentration, highly stable oxide-formers on the oxidation resistance, or more specifically, the spallation resistance of the alloy. This relationship has long been recognized and is known as the reactive element effect [29] . Here we propose that small additions of these elements can effectively decrease the oxygen potential that is required to begin filling (via oxidation) the interfacial voids formed during exposure, thus helping to maintain a well-adhered oxide layer. This proposed void-filling mechanism is consistent with previous observations, where Al doping (1 wt%) of a Ni-25Cr alloy significantly improved the spallation resistance and prevented interfacial void formation relative to the undoped alloy [30] . As seen in Fig. 5j , a region of light contrast is observed immediately above the large interfacial void. EDS analysis reveals that this region is rich in Ni (Fig. 5n) and other matrix elements such as Co and Mo (Fig. 5h, i) but contains little or no Cr or other oxidation-prone elements such as Al, Si, and Ti. This suggests that the void precipitated and grew at a location slightly below the oxide/alloy interface. Cr left this region to contribute to continued growth of the oxide layer, and because it was isolated from the underlying matrix, Ni (and other elements not participating in the oxidation process) was unable to diffuse into the underlying substrate and a region of Cr-depleted metal became trapped at the interface of the surface oxide and void.
In addition to the changes outlined above, regions of varying contrast are observed in the alloy substrate to a depth of & 4 lm beneath the oxide layer (Fig. 5a ). These regions were investigated in more detail as shown in Fig. 6 . The STEM image shown in Fig. 6 provides a lower magnification view of the same TEM specimen analyzed in Fig. 5 . Preparation of this TEM specimen was done such that it included a single grain boundary (from a plan-view perspective). This grain boundary, as it existed in the alloy prior to oxidation, is defined by the Cr-rich carbides indicated in Fig. 6 . Significant orientation-preferred oxidation is observed (consistent with BSE surface imaging in Fig. 2f) , where the grain left of the boundary has formed an oxide nearly twice as thick as the grain right of the boundary. Selected area electron diffraction (SAED) patterns indicate that the grain with a thicker oxide has [101] orientation, while the grain with a thinner oxide has [112] orientation, consistent with prior observations of orientation-preferred oxidation in Ni-Cr alloys [31] . Furthermore, the SAED pattern taken in the region of varying contrast in the alloy (outlined by the red dashed line in Fig. 6 ) confirms a different orientation relative to the underlying substrate. In addition, multiple grains are observed throughout this region, and the grain size is considerably smaller than that expected for the bulk alloy (& 90 lm). Thus, these represent regions of recrystallization which have formed near the alloy surface. We propose this recrystallization is related to the oxidation process, and not the relaxation of stresses accumulated near the surface prior to exposure (i.e., a purely temperature-driven effect), for the following three reasons. Firstly, the sample was polished to a colloidal silica finish prior to exposure and should contain minimal residual stress related to surface preparation. Secondly, close inspection of Fig. 5c suggests the recrystallized regions are associated with a decreased concentration of Cr. Thirdly, no recrystallization is observed for the [112] grain which had formed a thinner oxide, except for immediately next to the grain boundary. These observations may be explained as follows. The grain boundary originally present in the alloy served as a short-circuit diffusion pathway for Cr during oxidation. In addition, the [101] grain left of the boundary oxidized faster and thus was more quickly depleted in Cr than the [112] grain right of the boundary. Upon reaching a critical level in the extent of surface oxidation, these regions recrystallized into new grains that were depleted in Cr relative to the underlying alloy.
Regardless of its origin, this recrystallization process has an important effect on the subsequent oxidation behavior, as it essentially decreases the grain size of the alloy near the surface as oxidation proceeds. This may be beneficial by allowing increased Cr transport to the surface for sustained oxide growth (via new shortcircuit diffusion paths). However, this also allows for increased inward transport of oxygen, as evidenced by internal oxides of Al present at the newly formed grain boundaries (Fig. 5d) . The results shown in Figs. 5 and 6 provide new insight into the internal oxidation of Al that is frequently observed during high-temperature oxidation of Ni-Cr-Al and other Al-containing alloys [28] . We show that Al is oxidized preferentially at the interfaces formed by void formation and recrystallization near the alloy surface, and thus these processes largely control where in the alloy substrate the internal oxidation of Al will occur.
Cross-Sectional TEM Analysis: 500-h High-Pressure Exposure
Cross-sectional TEM analysis of the sample exposed for 500 h at 20 MPa is shown in Fig. 7 . In general, results of this high-pressure exposure are not considerably different from the atmospheric pressure exposure (Figs. 5 and 6 ). Many of the same processes which have occurred at 0.1 MPa are also observed at 20 MPa; however, they appear to have proceeded to a further extent. The oxide layer is 20-30% thicker than the 0.1-MPa exposure (consistent with the mass gains shown in Fig. 1 ) and has the same composition: Cr-rich with small amounts Si and Ti. Larger voids are Increases in pressure are expected to directly change oxidation kinetics based on increases in solid-state diffusion in the oxide scale. Following the treatment of Wright and Dooley [32] and Holcomb [33] for high-pressure steam oxidation, the pressure dependence on diffusion (and thus the parabolic rate constant, k p ) can be described by Eq. 1:
where P T is the total pressure and a is the effective charge of the metal vacancies in oxide with stoichiometry M a O b . For Cr 2 O 3 , a is 3. The 2/3 exponent arises from the increased partial pressure of O 2 in steam with increasing pressure (it is the same in CO 2 ). The other exponent term arises from the assumption that oxide growth is controlled by the outward diffusion of metal ions in a metal deficit type electronic semiconductor. X is the total pressure dependence exponent and is equal to 1/8 in this case. Based on Eq. 1, the increases in k p and oxide thickness going from 0.1 to 20 MPa are 1.94 and 39%, respectively. It should be noted that in some cases the inward diffusion of oxygen may contribute significantly to growth in Cr 2 O 3 scales [34] , and indeed evidence of some inward growth is observed in the present study. Nevertheless, the increase in scale thickness predicted by Eq. 1 is on the same order as that observed in Figs. 5, 6 and 7, which highlights the effect of pressure in increasing the solid-state diffusion processes controlling oxide growth. Recrystallization of the alloy surface appears more extensive for the highpressure exposure, and Al-oxide is observed along the newly formed grain boundaries and adjacent to the voids. Al-oxide is partially observed inside of the large void near the right side of the image; however, it appears less continuous than for the 0.1-MPa exposure (Fig. 5j) . While this may be a real effect of the different pressures used for the two exposures, the possibility of sample damage during preparation of the TEM specimen cannot be ruled out. A gallium ion beam was used to thin the sample to electron transparency, and in doing so it is likely that regions of low structural integrity (i.e., a porous Al-oxide network formed within a void) were not completely preserved. Thus, Al-oxide such as that observed in Fig. 5j may have been present inside most of the subsurface voids in the undisturbed sample, but was subsequently removed by the damage induced by ion beam thinning.
Regions of Cr-depleted metal, like those observed in the 0.1-MPa exposure, are also observed throughout the sample. Furthermore, a significant quantity of Croxide is seen immediately below these regions. The mechanism proposed above for the formation of these Cr-depleted metal regions suggests that the underlying Croxides were voids which were subsequently filled with oxide, perhaps by the inward transport of oxygen. Further, these regions are seen to exist near the middle of the continuous oxide layer. If the proposed mechanism is correct, these regions may be regarded as markers which identify the original alloy surface. The existence of these regions inside the continuous oxide layer, combined with the observed filling of subsurface voids with Cr-oxide, suggests that the contribution by which oxidation proceeds by inward transport of oxygen may be increased for the high-pressure exposure. This also provides further evidence suggesting that the voids formed in the alloy during oxidation are filled with oxide and can become incorporated into the growing oxide layer, thus highlighting the important role of metal vacancies during these transient oxidation processes.
It should be noted that many of the experimental results shown here provide support for oxidation models which have been proposed to describe the formation of duplex oxide layers [35] [36] [37] . In the proposed models, the outer oxide layer is formed by the outward diffusion of cations. This leads to the injection of metal vacancies, and their condensation to form voids at the oxide/alloy interface. This void space is filled by oxidation via the inward transport of oxygen, thus forming the inner oxide layer.
Conclusions
The surface of a chromia-forming Ni alloy undergoes significant transformations during the transient stages of high-temperature oxidation. These transformations occur because diffusion rates in the alloy are too slow to compensate for the changes induced near the surface by the rapid oxidation that occurs during these early stages. Two primary consequences of this are the formation and growth of interfacial voids resulting from high concentrations of metal vacancies, and recrystallization of regions which become significantly depleted of the element being selectively oxidized. The subsequent behavior of these modified regions is critical to the oxidation pathway of the alloy and sets the stage for either long-term stability or eventual breakdown of the protective oxide layer. For example, while internal oxidation is generally considered to be an undesirable process, we show that for this material it is in fact critical to establishing protective behavior by filling voids and thus maintaining adequate scale adhesion. These effects become more pronounced as the system pressure, and thus the associated diffusion processes, are increased. The results of this study highlight the complex and dynamic nature of the diffusion paths present in the alloy during the early stages of oxidation, and the importance of considering transient-stage processes when evaluating alloy oxidation resistance. responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States Government or any agency thereof. The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States Government or any agency thereof.
